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Abstract—The conventional method of diagnosing disorders
of the human gastro-intestinal (GI) tract is by sensors embedded
in cannulae that are inserted through the anus, mouth, or nose.
However, these cannulae cause significant patient discomfort
and cannot be used in the small intestine. As a result, there is
considerable ongoing work in developing wireless sensors that
can be used in the small intestine. The radiation characteristics
of sources in the GI tract cannot be readily calculated due to the
complexity of the human body and its composite tissues, each
with different electrical characteristics. In addition, the compact
antennas used are electrically small, making them inefficient ra-
diators. This paper presents radiation characteristics for sources
in the GI tract that should allow for the optimum design of more
efficient telemetry systems. The characteristics are determined
using the finite-difference time-domain method with a realistic
antenna model on an established fully segmented human body
model. Radiation intensity outside the body was found to have a
Gaussian-form relationship with frequency. Maximum radiation
occurs between 450 and 900 MHz. The gut region was found
generally to inhibit vertically polarized electric fields more than
horizontally polarized fields.
Index Terms—Bio-telemetry, electromagnetic, finite-difference
time-domain—FDTD, gastro-intestinal tract, human body, radia-
tion characteristics, sensor.
I. INTRODUCTION
THE internal monitoring and examination of the humandigestive tract has conventionally been by means of sensors
embedded in flexible cannulae. For diagnosis of ailments in the
oesophagus, stomach, and duodenum, the cannula is inserted
through the mouth or nose, while for the colon it is inserted
through the anus. The cannula is attached either to a portable
recorder that may be carried at the waist or a larger nonportable
recording and analysis device. These current measuring methods
are often unpleasant for the patient. Where cannula is inserted
through the mouth or nose the throat is usually sprayed with
a local anaesthetic to help prevent gagging and in all cases
analgesic or sedative may be required to help the patient relax
during the examination. In addition, the use of such cannulae
is limited to the oesophagus, stomach, duodenum, and colon.
As a result, there are considerable ongoing efforts in devel-
oping small wireless devices that can be swallowed for exami-
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nation of the whole alimentary canal. Sensors, their associated
circuitry, and a transmitter are encased in “capsules” that are
small enough to be swallowed and traverse the entire digestive
tract while transmitting readings to an external receiver. There
is no physical link between the sensors and the recording de-
vice that may either be portable, and carried by the patient, or
not. Such wireless capsule methods avoid patient discomfort
and need for additional medication, circumvent complications
due to lining puncture that exist with the current methods, and
importantly, allow examination of a region of the small intes-
tine that is presently impossible using cannulae. They will also
allow patients to go about normal life while being examined.
Remote telemetry devices have previously been used to mea-
sure ECG, EEG, temperature, pH, pressure, chemical analyte
concentrations, and heart rate among other parameters [1]–[7]
for both human and animal subjects. However, there has been
very little work considering the use of telemetry devices in the
small intestine. Such studies will contribute to advances in di-
agnosis, treatment, and a better understanding of the function
and related ailments of the digestive tract. These devices may in
the long term become routine gastro-intestinal (GI) diagnostic
tools.
There has been considerable study of the effects of the human
body on the radiated fields of various electromagnetic radiators
[8]–[16]. All but one of these studies has been on electromagnetic
fields from external sources. Until recently, investigations of
implanted sources have not used realistic human body models.
The first implanted source work to use such a model is that
of [11], where the radio wave propagation characteristics of a
source implanted in the vagina were investigated. However, the
models used were semi-segmented for a region up to 300 mm
from the source, while the rest of the models were tissue
layered. In this paper, a realistic fully segmented body model
is used in conjunction with a realistic model for a helical
antenna.
The electrical properties of human tissue, namely con-
ductivity and permittivity, are frequency dependent in such
a manner that the absorption of electromagnetic waves by
human tissue increases with increasing frequency. Thus,
reflection at boundaries, scattering, absorption, and refraction
of electromagnetic fields are frequency dependent. However,
the radiation from electrically small sources in free-space
increases with frequency and, in addition, the effect of the
capacitive loading of the surrounding tissue on the source
has an as yet unknown frequency and spatial dependence.
It is apparent that the radiation characteristics of implanted
sources cannot be readily estimated due to the complexity of
the human body and its composite tissues, each with different
electrical characteristics. Furthermore, efficient telemetry
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systems will be required in view of these devices being battery
operated, especially since the compact antennas used are
electrically small, making them inherently inefficient radiators.
Indeed commercial transmitting models yield about 0.005%
dc to radiation power conversion efficiency [11] assuming no
transmitter circuit—antenna impedance mismatch. An accurate
estimate of radiation characteristics is important in wireless
telemetry systems especially in this case where the radiation
efficiency and source power are very low and the radiation
characteristics not readily predictable. This paper determines
the radiation characteristics of electromagnetic sources in
the GI tract, using the finite-difference time-domain (FDTD)
method. It has a direct bearing on the development of wireless
telemetry systems for the human intestine by providing insight
into electromagnetic radiated field characteristics allowing for
the optimization of designs for more power efficient telemetry
systems.
The numerical modeling, human body model and the type of
radiating source employed in this paper are described in Sec-
tion II. Near-field results are presented in Section III and far-
field results in Section IV.
II. MODELLING AND ANALYSIS
A. Computational Method
The FDTD method used is based on the calculation of
Maxwell’s differential electromagnetic field equations. It is a
versatile technique appropriate for evaluating electromagnetic
fields in complex structures. In addition, its relatively simple
formulation makes it efficient to implement. It is, therefore, the
most popular choice for human body related electromagnetic
simulation. It has been proven to yield reliably credible results
in numerous cases where it has been used with human body
models.
The normal use of FDTD applies a wide-band excitation
to the system, allowing characteristics to be determined with
good resolution (determined by the order of the discrete
Fourier transform used) as a function of frequency over the
whole excitation bandwidth in a single simulation run. This
method, though efficient, was not used here due to the nature
of the source model. The model used requires specific phase
and magnitude relationships between its composite source
elements, therefore, simulations had to be performed for each
specific frequency. Simulations were carried out for 150, 300,
434, 600, and 800 MHz and 1.0 and 1.2 GHz. These frequencies
fall in and around the range recommended as pan-European
frequency allocations for short-range applications,1 and the
US Federal Communications Commission (FCC) frequency
allocations for bio-medical telemetry and industrial, scientific
and medical devices (regulations S5.150, US209, and US350).
The electromagnetic excitations used were of a ramped-sinu-
soidal form with the ramp reaching its maximum after 173 time
steps. The number of time steps used ranged from 30 000 for
150-MHz sources to 20 000 for 1.2-GHz sources. In each case,
these were the number of time steps required to ensure that a
steady state had been achieved. Liao’s absorbing boundary con-
ditions (ABCs) [18] were used rather than perfectly matched
1REMCOM Inc., State College, PA
layer (PML) ABCs [19]. When PML ABCs are used a slightly
smaller FDTD work space is required than when Liao ABCs are
used. However, Liao ABC terminated workspaces take consid-
erably less time to compute than those of equal size terminated
by PML ABCs, for approximately the same level of accuracy.
PML solutions take about 40% longer than Liao solutions (if no
magnetic materials are present) for the same size of workspace.
B. Human Body Model
The FDTD mesh of a male human subject used was supplied
by REMCOM Inc. It was created using digitized data in the
form of transverse color images from the Visible Human Project
sponsored by the USA National Library of Medicine [20]. It
was generated using axial anatomical images since these had
the finest resolution for the entire body in the Visible Human
Project. In the project, the axial anatomical cross sections are
at 1-mm intervals. They are 2048 pixels by 1216 pixels. The
generated model is made up of cubic voxels with an edge size
of 5 mm. This cell size takes into consideration the computer
resources that would be required for FDTD simulation on a rel-
atively fast computer (in this case about 150 MB of memory for
the mesh and about 6 h run time on a machine with a 1.5-GHz
Pentium-IV processor). The entire human body mesh, including
a minimum 20 free-space cell buffer between the body and the
outer boundary of the FDTD workspace, is or
4 697 304 cells. Each voxel edge in the mesh is defined as one of
25 groups of tissue types. Six of these groups contain more than
one tissue type with similar properties. For each tissue group,
the respective material density, conductivity, and relative per-
mittivity were assigned for all frequencies. The values of prop-
erties of human body tissue used in this investigation are shown
in Table I.
C. Source Model
Practical capsule devices have been documented in [25]–[28].
The capsule casings and circuitry have been found to have neg-
ligible effect on the resident antenna’s radiation, as a result there
was no need to take the effects of the casing into account in the
modeling of the antenna. A typical capsule device may allow
an antenna with dimensions of approximately mm.
Clearly, the relatively large grid size of 5 mm used here does
not allow for the modeling of an antenna of such dimensions
in adequate detail to obtain credible results [22]. In addition, a
one-cell (delta gap) [21] excitation is employed where the exci-
tation feed gap corresponds to one entire spatial interval of the
FDTD lattice. However, in this case the size of the feeding gap
is comparable with that of the antenna being modeled, which
results in errors in FDTD calculation results. As a result, the
model of a normal mode monofilar helix antenna similar to that
in [10] was employed. The model is relatively simple to imple-
ment. It uses a series of equivalent electric and magnetic sources
to produce the fields of a monofilar helix operating in the normal
mode, where the electric and magnetic fields are related by
(1)
where and are the magnitudes of the electric and magnetic
fields, respectively; is the pitch and the diameter of the
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TABLE I
PROPERTIES OF HUMAN BODY TISSUE
helix; and is the voxel edge size; , , , and having their
conventional meaning.
The technique generates far fields that are accurate while
the near fields may suffer from errors up to 10%. In this case,
however, the magnetic fields were replaced by their equivalent
electric fields due to limitations of the simulation tool used
(REMCOM, Inc.). The equivalent electric fields (representing
the magnetic field) were 90 out of phase with the electric
field and were arranged so as to from a closed loop around
the magnetic field they represent. The amplitude of the fields
was obtained from trial simulations which were compared with
simulations of the actual helix antenna modeled in detail on a
fine mesh (made of cells with an edge size of 0.5 mm). As the
dimensions of the antenna are much smaller than the operating
wavelength, the helix modeled here operates in the normal
mode. The monofilar helix antenna modeled had a diameter
of 8 mm, length of 4 mm, and pitch of 1 mm (four turns).
Its free-space vertical to horizontal polarization ratio
was 13 dB with an electric field left-circular polarization to
right-circular polarization ratio of about 3.5 dB making the
radiated field predominantly linear. Short simulations of the
helix in free-space verified that the axial ratio was satisfied.
Three orientations of the source in the intestine were con-
sidered. The orientations used were limited by the nature of
the grid (comprising of Yee cells). The three orientations are
all mutually orthogonal. They are namely vertical, transverse
and longitudinal and are shown in Fig. 1(c)–(e). Simulations
were carried out for all three orientations at each source posi-
tion considered. For all simulations, the body was suspended in
free-space, hence, the effect of the presence of the ground is not
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Fig. 1. Location and orientation of ingested sources. (a) Location in the
vertical-transverse plane (subject facing toward the reader). (b) Location in
the axial-transverse plane. (c) Vertical orientation. (d) Transverse orientation.
(e) Longitudinal orientation.
taken into consideration. The effects of the ground will, how-
ever, have negligible effect on the fields in the proximity of the
abdomen because the fields reaching the ground are so greatly
attenuated.
The model of the helix does not take into account the effects
of loading of the surrounding tissue that cause the impedance
and, hence, the radiating efficiency of an antenna to change.
Therefore, all the field results presented in this paper are nor-
malized (using the overall maximum input power for the verti-
cally oriented source at ) to the same radiation intensity, and
reflect the effect of the body on the radiated fields excluding the
associated effects on the radiating source.
Simulations were performed for sources at many locations in
the GI tract. Three simulations, one for each orientation, were
carried out at each location. In this paper, we present results for
the five locations shown in Fig. 1, as an exhaustive presentation
of all results is impractical in the space available. The selected
results are representative of the overall results obtained. The lo-
cations were chosen such that the composition and morphology
of the surrounding tissue at each position differed significantly
from that of the others. The locations covered the whole extent
of the small intestine and a range of depths into the body cavity
in order to account for as many factors as possible that might
influence the radiation of an ingested source. Simulations were
run for a series of different frequencies in order to determine the
influence of frequency and orientation on radiation. Fig. 1(a)
and (b) shows five of the source positions considered in ver-
tical-transverse and axial transverse cross sections, respectively.
The positions are described in Table II.
III. RESULTS
A. Near Fields
A number of characteristics that generally apply to the radi-
ation characteristics were identified. For deep-set centrally lo-
TABLE II
DESCRIPTION OF POSITIONS
Fig. 2. Near fields in decibels for ingested 434-MHz source at E (circle
denotes source position). (a) Vertically orientated. (b) Transversely orientated.
(c) Longitudinally orientated.
Fig. 3. Near fields in decibels for ingested 434-MHz source at D (circle
denotes source position). (a) Vertically orientated. (b) Transversely orientated.
(c) Longitudinally orientated.
cated (in the transverse plane) sources, we have symmetrical
radiation for the vertical orientation, while longitudinally ori-
entated sources give greater radiation in the transverse direction
nearest to the outer surface (right or left) than vertically oriented
sources. Transverse oriented sources radiate more in the poste-
rior direction and at times in the anterior direction, compared
with vertically oriented sources (see Figs. 2–4). For deep-set
sources, longitudinally oriented sources give maximum radia-
tion while vertically oriented sources give the least radiation as
shown in Figs. 2 and 3. In contrast, as Fig. 4 illustrates, vertically
oriented sources near the surface tend to give greater radiation
than horizontally polarized sources. This seems to imply that
the anatomy of the gut region in general offers greater hindrance
to vertically polarized than to horizontally polarized fields. The
change of radiation with change of orientation from vertical to
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Fig. 4. Near fields in decibels for ingested 434-MHz source at A (circle
denotes source position). (a) Vertically orientated. (b) Transversely orientated.
(c) Longitudinally orientated.
horizontal was more significant for sources at compared with
sources at other locations. This characteristic was reflected in
the far-field plots as well and the data infers that the anatomy
surrounding offers the greatest hindrance to vertically polar-
ized fields. As would be expected, the more deep set the source
is, the greater the radiation in the posterior direction.
The lowest radiated fields for all orientations were for
sources positioned at . The significant difference of the
anatomy around this position compared with other locations
is the relative distance from the colon to the direction of the
maximum radiated fields.
The near-field intensities at different frequencies for a source
positioned at are shown in Fig. 5. The near-field intensity
was found to first increase and then decrease with increasing
frequency. This Gaussian-form relationship of the near radiated
field intensity to frequency can be explained by taking into ac-
count the interaction of the reflected, scattered, and refracted
fields within the gut. Reflection at boundaries is relatively small
in most cases since the body tissues have similar properties.
However, reflection is greatest at boundaries between fat and
any other tissue and at the skin-air interface due to the large dif-
ference in permittivity at these boundaries. The result of the in-
teraction of the incident, reflected, scattered, and refracted fields
at lower frequencies is a net reduction in the fields within the gut
and, consequently, the externally radiated field. This character-
istic diminishes with increasing frequency resulting in higher in-
ternal and, thus, radiated field intensities. This accounts for the
initial electric field intensity increase with frequency. The sub-
sequent fall of field intensity with increasing frequency is due
to the rapidly increasing absorption of electromagnetic fields by
body tissue. Although the absorption of electromagnetic energy
increases rapidly above 500 MHz due to the high losses caused
by high water content body tissues [23], the reduction in the near
radiated fields begins to take place at higher frequencies. These
frequencies range from as low as 650 to as high as 900 MHz
depending on the position of the radiating source. The radiated
field intensity falls rapidly above 1 GHz.
Fig. 6 shows the near field in the absence of arms for a ver-
tically orientated source at position . The arms were removed
since in the model that was used they were positioned such
that they covered the front of the abdomen obstructing radiation
directly in front and around positions and . The field re-
mains fundamentally unchanged in the anterior direction. How-
Fig. 5. Near fields in decibels for vertically orientated ingested source at E
(circle denotes source position). (a) 150 MHz. (b) 300 MHz. (c) 434 MHz.
(d) 600 MHz. (e) 800 MHz. (f) 1 GHz. (g) 1.2 GHz.
ever, the field to the sides and the back increase considerably
in the absence of arms, implying that the arms shield the sides
and back from this radiation. This infers that there is a creeping
wave on the body surface originating at the region of maximum
radiation.
B. Far Fields
There are similarities in the patterns and magnitude of the ver-
tically polarized far fields from vertically oriented sources.
There are nulls in the patterns in the azimuth between 30
and 40 and, 140 and 170 in all cases except for the case of
the source at . For the source at , the null is at about 90 .
These nulls may be attributed to the two masses of retral mus-
cles (mainly the Gluteus, Piriformis, Multifidus, Erector spinae,
and Iliacus muscles) that run on either side of the spine. The ra-
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Fig. 6. Near fields in decibels for ingested 434-MHz vertically orientated
source atD with no arms present (circle denotes source position).
Fig. 7. Azimuthal far fields for ingested 434-MHz source at E. (a) Vertically
orientated. (b) Transversely orientated. (c) Longitudinally orientated. (dashed
line). Vertically polarized pattern. (solid line) Horizontally polarized pattern.
diation pattern for a vertical source at is symmetrical about the
anterior-posterior plane. Thus, as in the case of the near field, the
Fig. 8. Azimuthal far fields for ingested 434-MHz source atD. (a) Vertically
orientated. (b) Transversely orientated. (c) Longitudinally orientated. (dashed
line). Vertically polarized pattern. (solid line) Horizontally polarized pattern.
symmetrical far-field pattern is attributed to the anatomy in this
region being relatively homogeneous. Radiation is most effec-
tive at the shortest distance from the source to the body surface
in the azimuth direction as shown in Figs. 2–6. The fields that
travel upwards and downwards within the body are so greatly
attenuated that even after they are radiated they have little effect
on the overall radiation pattern. There are three nulls in the radi-
ation patterns of of vertically oriented sources at positions
and at 30 , 90 , and about 160 , as is evident from Figs. 7(a),
8(a), and 9(a). Patterns for sources at , , and all have one
distinctive null, which falls within the 100 –150 range.
For transverse-oriented sources at , , and , has a null
between 70 and 100 . for sources at and , however,
have nulls at 30 and 50 . For longitudinally oriented sources
at , the dominant polarization does not prevail and there is
a strong, almost equal, amount of cross polarization, as shown
in Fig. 7(b), inferring that in this case the radiation is due to
predominant re-radiation that is vertically oriented to the body
surface [11]. This effect does not, however, occur when the
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Fig. 9. Azimuthal far fields for ingested 434-MHz source at A. (a) Vertically
orientated. (b) Transversely orientated. (c) Longitudinally orientated. (dashed
line). Vertically polarized pattern. (solid line) Horizontally polarized pattern.
source is close to the body surface and, therefore, pertains only
to sources set deep in the abdomen. These findings are consis-
tent with the practical measured results in [11] probably because
position is close to the position of the vagina. The practical
source used in [11] had a 15 dB cross polarization with respect
to co-polar which compares well to the 13 dB cross polariza-
tion of the source model used here. However, this phenomenon
only occurs when the source is at . At other positions the cross
polarization is not as strong and the same conclusion cannot be
drawn. However, the result at implies that the other results are
also accurate. The relative difference in magnitude of the result
presented here and that in [11] can be attributed to the differ-
ence between the practical antenna used in [11] and that of the
antenna modeled here.
As in [11], there was generally a 10-dB difference between
the anterior and posterior horizontal and vertical far fields.
The maximum radiation is generally in the anterior direction
(30 –150 ). The 10-dB or more difference between the posterior
and anterior far fields is attributed to the two masses of retral
Fig. 10. Azimuthal far fields for vertically orientated ingested source atE. (a)
150 MHz. (b) 300 MHz. (c) 434 MHz. (d) 600 MHz. (e) 800 MHz. (f) 1 GHz.
(g) 1.2 GHz. (dashed line). Vertically polarized pattern. (solid line) Horizontally
polarized pattern.
located muscles running on either side of the spine. Muscle,
blood, and skin are the greatest electromagnetic field absorbing
tissues in the human body [23]. In the abdominal region, fat and
ligaments of tendon dominate. These do not cause as much at-
tenuation as the thick dorsal muscle mass that runs down the
back of the body. However, the difference between the poste-
rior and anterior far fields is not as large at lower frequencies as
shown in Fig. 10. This is attributed to the low absorption char-
acteristic of human tissues at low frequencies.
It is interesting to note that a high maximum near-field ra-
diation (close or equal to maximum radiation intensity for the
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entire body) does not translate to high radiation in the far field.
For example, radiation from a longitudinal source at has a
lower maximum near-field intensity than that for the source at
but its far-field intensity is greater. This is attributed to the
total amount of energy absorbed by the body at each respective
position. The greater the energy absorbed the lower the radia-
tion efficiency and the magnitude of the far field. Indeed, the
radiation efficiency of the source at is 0.54% while that at
is 0.15%.
Fig. 10 shows the far field at a number of frequencies for
a source at . It should be noted that the effective radiated
power, in the absence of the body was the same at all frequen-
cies. Both and have a Gaussian shaped relationship with
frequency. The respective radiation gain first increases then de-
creases with increasing frequency, reaching a maximum in the
0.6- to 1.0-GHz range. The frequency at which the gain is a max-
imum is a function of position and orientation of the source. The
axial ratio is generally unaffected by frequency. In all cases, the
magnitude of the far field changes considerably between 300
and 400 MHz while they are similar between 0.8 and 1 GHz. Pat-
tern fragmentation (i.e. formation of side-lobes) increased with
increasing frequency. In all cases, the least circular polarization
of the radiated field was observed at 600 MHz.
IV. CONCLUSION
We have carried out a detailed study of the radiated properties
of ingested sources in the small intestine. It should, however, be
noted that these results only serve as a guide as humans vary
significantly in posture, morphology, size, and weight.
There is no direct co-relation between the near and far fields.
This could be attributed to the phase variations of the near
field perhaps contributing to nonintuitive far-field variations,
and also to the presence of reactive fields in the near fields
that do not contribute to the far field. However, both the
near and far-field results show that maximum radiation is
experienced on the anterior side of the body from radiation
sources in the small intestine. The results suggest that implanted
devices are most efficient in the 450 to 900 MHz range.
The recommended pan-European frequency allocation for short
range device applications and general telemetry applications
falls at the lower and upper limits of this band, respectively.
The US FCC regulations US209 and S5.150 also falls at the
lower and upper limits of this band. The US FCC regulation
US350 (608–614 MHz) is located almost in the middle of this
band. The maximum far fields occur in the 600 MHz to 1 GHz
range, which covers the recommended pan-European frequency
of 900 MHz. There is some similarity in radiated patterns for
several source orientations and locations. The radiated field
intensity falls rapidly with frequencies above 1 GHz.
Though horizontally polarized sources cause strong cross po-
larization for sources at this is not the case at other positions.
For the majority of locations in the small intestine, vertically
polarized radiation is more greatly attenuated than horizontal
radiation. Clearly, the anatomy around the region affects elec-
tromagnetic fields differently from the rest of the gut. There is
a significant difference between the radiation characteristics of
a source deeply set in the body and one close to the surface.
Specific absorption rate studies need to be carried out to de-
termine the safety of these devices. However, since typical low
range telemetry devices have powers of less than a few milli-
watts ([25], [26], and [28]) it is unlikely that they will pose any
RF hazard.
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